Abstract. This paper reports a novel extension of the stress-based flow limit curve approach. A conventional strain-based FLC is converted into a stress-based FLC using the method proposed by Stoughton [1]. This stress-based FLC is then transformed into the XSFLC by casting the stresses in terms of the invariants -effective stress and mean stress that are the variables that constitute the XSFLC. This curve is used in conjunction with LSDYNA finite element simulations that use eight-noded solid elements to predict the onset of necking in tubular hydroforming. The particular case of straight tube hydroforming of ENAW 5018 aluminum alloy tubes is considered. The XSFLC is able to predict the internal pressure at the onset of the neck and the final failure location in the tube with remarkable accuracy.
INTRODUCTION
It is well known that the conventional strain-based flow limit curve (FLC) cannot predict the onset of necks in sheet metal parts that are formed under nonlinear load paths. Flow limit data for an aluminum alloy by Graf and Hosford [2] and for a steel by Ghosh and Laukonis [3] show that the FLCs of sheets that have been subjected to pre-strain will shift and change shape when compared with the FLC of the as-received sheet. Consequently, when the forming process subjects the sheet to nonlinear load paths, the strain--based FLC cannot be used to predict necking in the sheet. Stoughton [1] proposed a method through which, under a suitable set of constitutive assumptions, the strain-based FLC can be transferred to principal stress space. He also showed that the FLCs of the asreceived sheet and those of the pres-trained sheet collapsed to a nearly coincidental curve in principal stress space. In other words, within the scope of the constitutive assumptions, there exists a single curve in principal stress space that represents the formability limit of the sheet. Therefore, the stress-based FLC appears to be attractive to predict the onset of necking when the sheet is subjected to nonlinear load paths.
Since seam-welded tubes are fabricated from sheet metal and the tubing processes stores plastic strains in the tube, the stress-based FLC can be used to predict the formability limit of the tubes. One starts with the strain-based FLC of the sheet and its stress-strain response, and converts the strain-based FLC into principal stress space to obtain the formability limit of the tube. Since there is a unique formability limit curve in stress space, the stress-based limit curve of the as-received sheet is also the limit curve for the tube. That is, the tubing strains need not be accounted for. However, because of the nature of the failure location during hydroforming, the stress-based FLC cannot be directly applied to predict the formability during tubular hydroforming. Hydroforming of tubes is a near net-shape manufacturing process and is widely used (for a review see Koc and Altan [4] ). A marked feature in this process is the failure location that is generally at or near the tangency point when the tube comes into contact with the die. Failure, here, is intended to imply that a neck forms, and the tube eventually bursts during the forming process. It has been observed that the bursting occurs after the expanding tube comes into contact with the die. That is, the failure occurs while a through-thickness compressive component of stress is acting on the sheet. Thus, necking and/or failure during hydroforming originate under a three-dimensional stress state.
Since both the strain and stress-based FLCs are obtained under plane stress loading conditions, they cannot be used to predict the onset of necking during hydroforming. The main objective of this work is to develop an FLC that can be used to predict the onset of necking for nonlinear load paths and to predict necks that originate under three-dimensional stress states. An extended stress-based flow limit curve (XSFLC) is proposed. The XSFLC is then used to predict the failure location and the onset of necks during the hydroforming of straight ENAW 5018 aluminum alloy tubes. Figure 1 shows the die, tube and die crosssection used in the hydroforming of ENAW 5018 straight tubes. A photograph of a failed tube is also shown. These tubes were annealed after tubing, and are of 76.2mm outside diameter, and 2mm thickness. The tubes were lubricated with a solid-film lubricant, AL070, and placed in the die. High-pressure fluid was admitted into the tube through the end plugs. The fluid pressure was increased till the tubes burst and no end feeding was applied in these experiments. In subsequent experiments, the pressure was limited so that tubes with an incipient neck could be recovered. At least two trials were carried out for the bursting and necking conditions. The pressures for these were found to vary by less than 2%. In all of the experiments, the internal pressure, the force required to seal the end plugs and the expansion of the tube in the die were monitored. The necking pressure was found to be 31.8 MPa. The radial displacement, designated as s, is shown in Fig. 1 . The radial displacement at the onset of necking was found to be 7.7 mm.
HYDROFORMING OF STRAIGHT TUBES
A marked feature in all of the experiments was the location of the failure. The photograph in Fig. 1 shows that the bursting of the tube occurred in the flat portion of the tube that was in contact with the die. Figure 2 illustrates the conditions at which the neck initiates eventually leading to failure. The tube of circular cross-section is being formed into a square crosssection. As the tube expands it comes into contact with the die. A segment of the tube that is in contact with the die is shown in the figure. The portion that is in contact with the die is acted upon by internal fluid pressure, and consequently a frictional force (due to tube-die friction) is set up on the outside of the tube. This portion of the segment is under a threedimensional state of stress. The other portion of the segment, which is not in contact with the die, is approximately under a plane stress loading condition and the plastic strain is higher in this portion. Therefore, material has to flow from the threedimensional portion into the plane stress portion to compensate for the thinning and expansion in that portion. However, if a sufficient length of the three--dimensional portion is in contact with the tube, the frictional force is large enough to retard flow from this portion into the plane stress portion. Consequently, an instability develops at the interface of the threedimensional and the plane stress portions and a neck forms. The critical conditions for the formation of the neck are therefore the frictional force and the throughthickness component of compressive stress. The threedimensional nature of the loading conditions precludes the use of either the strain-based FLC or the stressbased FLC. The next section advances an extension of the stress-based FLC that can be used to determine the onset of the necking under the loading conditions described here. 
THE EXTENDED STRESS-BASED FLOW LIMIT CURVE
A strain-based FLC was not available for the ENAW 5018 alloy and an approximate FLC ( Fig. 3 (a) ) was constructed. The left side of the FLC was obtained from free expansion experiments carried out on EN-AW 5018 tubes (Khodayari et al. [5] ). The right side of the FLC is approximated with that of the AA 5754 aluminum alloy. The stress-strain response is shown in Fig. 3 (b) . This was obtained from standard tensile test samples machined from the tubes. The samples failed at about 20% plastic strain, and the rest of the curve is an extrapolation. Using the strain-based FLC, the stress-strain curves and Stoughton's equations, the stress-based FLC is obtained, and is shown in Fig. 3 (c) . The following equations are used to transform the stress-based curve into the XSFLC: 
where is the effective stress, hyd is the mean stress, and ¡ i the principal stress.
To use the XSFLC to predict the onset of necks in tubular hydroforming a key assumption is required. That is, the invariants and hyd that describe the stress state in the neck, derived from plane stress experiments, are equivalent to the invariants in necks that originate under three-dimensional states of stress. This assumption is made herein and the XSFLC is then used to predict the onset of necks through finite element computations.
COMPUTATIONAL DETAILS
The experiments described in the previous section were modelled using the LSDYNA finite element code. The tube was meshed using eight-noded solid elements and there were five elements through the thickness of the tube. A one-eighth model was used in all computations. Solid elements were adopted over shell elements since solids will account for the through-thickness stress. By way of contrast, a computation using the shell elements proposed by Belytschko et al. [6] was also carried out. These will neglect the through-thickness component of stress. The die and other tooling in the experiment were modelled as rigid bodies. The process conditions, which were monitored in the experiments, were used as boundary conditions in the computations. Tubedie friction, which is critical to model the onset of the neck, was modelled using the penalty functionbased contact algorithms in LSDYNA. The coefficient of friction was measured using the twistcompression tests, and found to be 0.05. The loading histories and the computation time period was adjusted so as to minimize inertial effects.
The tube material was modelled using the J 2 flow theory and isotropic hardening. A special userdefined subroutine was coded to perform the stress update. In addition to performing the update, the subroutine also tracked whether the load path, comprising the variables ( hyd , ), has crossed the XSFLC. The XSFLC is an input to the subroutine. A formability variable, ¢ , for a given hyd , is defined as follows:
where is the effective stress, and XSFLC is the effective stress from the XSFLC curve for a given value of hyd . This variable determines the proximity of the load path ( hyd , ) to the XSFLC. When ¢ is 1 the load path has intersected the XSFLC.
APPLICATION OF THE XSFLC TO HYDROFORMING
This section presents results of the computations, where the XSFLC has been used to predict the onset of the neck. Figure 4 shows contour plots of the formability variable ¢ . The tube has expanded considerably and the plots are a snapshot starting at 9.8 ms. Many elements are at or above 95 % of their formability limit. At 9.8 ms several elements located on the inside surface of the tube have crossed the XSFLC (¢ = 1). At 10.6 ms all the elements through the thickness of the tube at location 3D have crossed the XSFLC; whereas, at locations C and in the plane stress region none of the elements have crossed the XSFLC. The 3D location is where the tube will eventually fail. However, since the post-necking response of the tube is not modelled by the mesh, the only quantitative prediction is that of the pressure at the onset of neck. The pressure at 9.8 ms is 32.2 MPa and corresponds to the necking pressure. It compares very well with the experimental value of 31.8 MPa. The displacement, s, is 7.6 mm in the computations, and this also compares well with the experimental value of 7.7 mm.
FIGURE 4. Contour plots of
£ for straight tube hydroforming. Location 3D is the location where the loading is three-dimensional. Location C is the portion of the tube that is in contact with the die throughout the hydroforming process. Figure 5 shows the load paths from locations 3D, C and the plane stress region. The variables ( hyd , ) from these locations have been plotted. These curves are non-smooth, which is an expected characteristic of the explicit time integration used in LSDYNA. It can be seen that the load paths at the location C and the plane stress region do not cross the XSFLC. Whereas, the load path at the 3D location crosses the XSFLC. The arrow in Fig. 5 indicates the point at which the mesh comes into contact with the die. At this time, the mesh experiences the through-thickness component of compressive stress and there is a decrease in the mean stress that is predominantly tensile until this time. Therefore, the mean stress decreases and the load path acquires a negative slope.
The computation utilizing shell elements show a rather different failure location. Figure 6 shows the load paths from the shell element computation. The load paths constituted by ( hyd , ) are plotted with respect to the XSFLC. It can be seen that the load paths cross the XSFLC in the region designated as plane stress, but not in the 3D location. Alternatively, since the element enforces plane stress, the load paths from principal stress space (¡ 2 ,¡ 1 ) are also plotted with respect to the stress-based FLC in Fig.  7 . In these plots, the load paths in principal stress space cross the stress-based FLC in the plane stress region. Neither the stress-based curve nor the XS-FLC is crossed by their respective load paths in the 3D region. So, the shell element computation predicts that the failure will occur in the plane stress region. This is in fact counter to the experimental observation. Furthermore, none of these load paths display the feature of a reduction in mean stress when the mesh contacts the die. 
SUMMARY
This paper presents an extension of Stoughton's stress-based FLC. This new XSFLC is geared towards the prediction of the onset of necks in forming situations where the neck develops under three-dimensional states of stress and also for nonlinear load paths. This article does not address the application of the XSFLC for nonlinear load paths, as in tube bending followed by hydroforming. This issue will be addressed in a forthcoming publication.
In this report, the XSFLC was applied to the problem of necking during hydroforming of straight tubes. It was argued that necking and failure in this case initiates under three-dimensional states of stress. Computations of the straight tube hydroforming were carried out using solid elements that account for the three-dimensional stress state. The XSFLC when used in this computation was shown to predict the internal pressure at the onset of necking to an error of less than 1%.
The most important feature of this paper is that some evidence has been offered to support the key assumption made in the application of the XSFLC to tubular hydroforming. That is, the invariants that characterize the neck under plane stress conditions can be used to characterize the neck under threedimensional stress states. More experiments are required for the validation of this assumption.
